FERMILAB-Pub-12-573-T 
CERN-PH-TH/2012-273 



A Higgs Impostor in Low-Scale Technicolor 

Estia Eichten 1 * Kenneth Lane 2 } and Adam Martin 3 ' 4 * 

theoretical Physics Group, Fermi National Accelerator Laboratory 

P.O. Box 500, Batavia, Illinois 60510 

2 Department of Physics, Boston University 

590 Commonwealth Avenue, Boston, Massachusetts 02215 

3 PH-TH Department, CERN 

CH-1211 Geneva 23, Switzerland 
O 

(N Department of Physics, University of Notre Dame^ 

O Notre Dame. Indiana 46556 

o 

C\ October 22, 2012 

Oh 

Abstract 

We propose a "Higgs impostor" model for the 125 GeV boson, X, recently dis- 
covered at the LHC. It is a technipion, i] T , with I G J PC = 0~0 h expected in this 

t-H mass region in low-scale technicolor. Its coupling to pairs of standard-model gauge 

bosons are dimension-five operators whose strengths are determined within the model. 
It is easy for aB(gg — > rj T — > 77) to agree with the observed two-photon rate, but 
rj T —7- ZZ*, WW* — > 41eptons are greatly suppressed relative to the standard- model 
Higgs rates. We therefore predict that the present X — > ZZ*, WW* signals will be 

t-h understood as backgrounds when more data is analyzed. This is a crucial and im- 

mediate test of our proposal. In our model the r\ T mixes almost completely with the 
isovector ttj,, giving two similar states, r] L at 125 GeV and r] H higher, possibly in the 
range 170-190 GeV. Other important consequences of this mixing are (1) the only 
associated production of r] L is via pjn — > Wrj L , and this could be sizable; (2) rj H may 
soon be accessible in gg — >■ rj H — >■ 77; and (3) LSTC phenomenology at the LHC is 
substantially modified. 
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1. Introduction 



The stunning discovery by ATLAS and CMS of a new boson X at 125 GeV decaying into 
77 and, at lower significance, ZZ* and WW* [H [2] is widely suspected to be the long- 
sought Higgs boson of the standard model (SM) of electroweak interactions [31 ® El El El E] • 
As emphasized by Wilson (quoted in Ref. [§]) and £ t Hooft [TU], however, this resolution 
to the origin of electroweak symmetry breaking is very unsatisfactory. It is beset by the 
great problems of naturalness, hierarchy and flavor — the number, masses and mixings of 
the fermion generations. Notwithstanding this, the discovery clearly puts great pressure on 
technicolor, the scenario for the Higgs mechanism which needs no Higgs-like boson [TTJ [U] . 
This is especially true in low-scale technicolor (LSTC) [121 03] • As far as we understand, 
there is no LSTC bound state that mimics if -decays in all these channels and at the rates 
expected on the basis of the observed a(pp — > X)B(X — > 77),^ 



In this paper we propose that X(125) is a state expected in a two-scale model of LSTC 
and which may be consistent with the data made public so far. This state is a would-be 
axion, a mixture of neutral isoscalar pseudoscalars occurring in each scale-sector that would 
be nearly massless if it were not for extended technicolor (ETC) interactions connecting the 
technifermions of the two scales. We call this particle the r] T . It has CP = — lj^] As we will 
see, aB{pp — > r] T — > 77) is probably larger than the corresponding SM Higgs cross section, 
and can easily match the current experimental observation. In the model we study, there 
is an unanticipated and interesting possibility: the i] T mixes, probably very substantially, 
with the neutral isovector 717, expected in LSTC. This results in two states, r\ L at 125 GeV 
and a heavier state 7] H which, we will argue, is likely to at 170-190 GeV. They have similar 
production and decay modes that are characteristic of both r\ T and n^,. We shall refer to our 
Higgs impostor as r] T in the absence of substantial mixing, or as rj L if mixing is important. 

First, however, we ask: is V(125) a Higgs boson? If over the next year or so the tenta- 
tiveness of X — > ZZ* and WW* is lifted and found to be in accord with the standard model 
and, say, X — > t + t~ and/or hh are seen, it will be irresistible to conclude that X is a Higgs 
boson, possibly the SM Higgs boson, H. At this early stage of V-physics studies, however, 
there are several discrepancies with the standard model or between the experiments that 
allow for an alternative explanation [U [2j [27] : 



1 Thcrc is a low-lying I G J PC = + ++ state in LSTC with many of the same decays as the standard 
model H, but its production rate is far too small to be the boson observed at the LHC [14] 

2 It is argued by some that walking technicolor or similar models have a light scalar due to their near- 
conformal invariance being spontaneously broken. This is called the "techni-dilaton" . It is also argued that 
it has Higgs-like couplings to gauge bosons and fermions; see e.g., Refs. [HI HU [HI HH [El [2Qj . In our view, 
the existence of such a state is questionable. An interesting paper that discusses the phenomenology of a 
light dilaton while merely assuming its existence is Ref. [3T] . 

In addition to the dilaton papers cited above, others that have recently suggested a pseudoscalar Higgs 
impostor in the context of strong electroweak symmetry breaking include Refs. [351 1221 [55] . Unlike 

our model, most of these do not determine the energy scale and other factors in the dimension-five operators 
that couple the pseudoscalar to a pair of SM gauge bosons; see Eqs. ( 30 1— (40) . 
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Figure 1: Comparisons of measured X — > F production rates at the LHC with those for the 
standard-model Higgs boson, aB{pp — > X — > F)/aB(pp — > H — > F), from ATLAS [T]) (left) 
and CMS 0. 



1. Both ATLAS and CMS obtained aB(pp -> X -> 77) = 1.5-2.0 times the rate 
crB(pp H —> 77) for the SM Higgs. These and other measured rates, compared 
to SM expectations, are summarized in Fig. [TJ 

2. Despite its low rate, the X — > ZZ* — > 4£ channel is very important because of its 
excellent mass resolution. However, the CMS data at M 4 £ ~ 125 GeV seems incon- 
sistent with a particle of this mass decaying to ZZ*. In Fig. [2] only two of the ten 
points in the Mzi vs. Mz2 plot for the 4-lepton data at this mass appear to have a real 
Z-boson in them, much less than expected at 125 GeV, as the CMS Monte Carlo in 
the figure shows. The corresponding 2-D plot for ATLAS, also in Fig. [2] looks more like 
what would be expected for a Higgs, with 6-8 of 13 events in the signal region. This 
difference may just be statistical. However, the ATLAS real ZZ data is systematically 
higher than its calculated background while the CMS ZZ data and expected back- 
ground are in reasonably good agreement; see Fig. [3j We do not know if this impacts 
the M it < 2M Z region. 

3. The X — > WW* — > ivlv channel is also important, but not nearly so much as ZZ* — > 
4£ because of the large missing energy and lack of a clearly discrete mass for its source. 
Furthermore, the ATLAS and CMS data for X — > WW* — > Ivlv also appear somewhat 
inconsistent. ATLAS 's combined 7 and 8- TeV data gives crB(pp — > X — > WW*) = 
(1.4 ± 0.5) x aB(pp H -+ WW*) at M x ~ 125 GeV while CMS obtained ~ 0.6 ± 
0.4 x aB(pp ->■#->■ WW*); see Fig. [TJ As for ZZ* 4£, the ATLAS 8-TeV data 
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Figure 2: The Dalitz plot of high vs. low dilepton mass in the region ~ 125 GeV from 
ATLAS (left and CMS [27] (right). See the text for comments. 



appears to be generally higher than the SM Higgs expectation. 

4. The CMS search for X — > t + t~ found no significant departure from the standard model 
background and set a limit of aB(pp — > X — > r + r _ ) = 1.06 x aB(pp — > H — > r + r _ ) 
at 125 GeV. At this writing, ATLAS has released nothing on its search for X — > t + t~ . 

5. Neither ATLAS nor CMS has found the associated production mode WX — > £ubb, but 
this is not surprising given the large backgrounds to this signal at the LHC. The CDF 
and D0 experiments have combined their search for pp — > WH, ZH with H — )■ bb 
and claimed a signal consistent with A(125) at the 3.1 a level [2H]- This is surprising 
considering since S/B < 1% for the samples used for this channel [29]. Moreover, as 
Fig. [4] shows, the broad mass peak and its significance are strongest at Mi b = 135 GeV. 
Finally, the CDF-D0 paper does not make clear what correction was made for lost 
neutrinos and muons in the 40% of 6-semileptonic decays in bb states. Therefore, the 
actual bb mass peak might be even higher, closer to 145-150 GeV [3D] . 

Of course, all of these disagreements may disappear with more data. For now, they are 
tantalizing, and alternative interpretations of X(125) are worth exploring. 

In Sec. 2 we present a two-scale model for the r] T . This model is not unique, but it is 
simple. Because the r] T is a pseudo-Goldstone boson with CP = —1, all its interactions 
with a pair of SM gauge bosons are of the nonrenormalizable Wess-Zumino-Witten (WZW) 
type [311 E2]- Compared to the SM Higgs boson, this implies very little r\ T — > WW*, ZZ*, 
associated production of r\ T with W or Z, and vector boson fusion (VBF) of r\ T via WW 
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Figure 3: Four-lepton invariant mass distributions in the ZZ* and on-shell ZZ mass regions 
from ATLAS pQ (left and CMS j27] (right). See the text for comments. 
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Figure 4: CDF and D0 data on pp — > Wbb with Mi h in the 125 GeV region [28]. See the 
text for comments. 



and ZZ. In Sec. 3 we discuss mixing of the isoscalar r] T with the isovector 7Ty. This mixing 
is essentially complete in our model and we believe this is a general feature of two-scale 
models with rather widely separated energy scales. This gives two states, r\ L at 125 GeV 
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and a similar state r] H at higher mass. If the dijet excess reported by CDF [30] is real and 
is described by LSTC [33] then M Vh = 170-190 GeV. We urge a search for such a state 
decaying to two photons. Furthermore, this mixing opens up the possibility of associated 
production of r\ L with W, but not Z, via the resonant process p% — >■ W ± r/ L . Since r\ h decays 
nearly 100% of the time to gg, this will pollute the SM WW/WZ — > ivjj) signal and the 
CDF dijet excess. 

The WZW interactions of our Higgs impostor are determined in Sec. 4 for the unmixed 
and mixed cases. We also discuss there its couplings to fermion pairs; these are induced 
by ETC and are, therefore, rather uncertain. The phenomenology of r] L is presented in 
Sec. 5. In detail, it is specific to our two-scale model, but the general features, especially 
those dictated by the WZW interactions, will hold in any such model. In particular: (1) 
By far, the dominant ^-production mechanism is via gluon fusion. Associated production 
with W depends on the mixing of rj T with 7r^. There is very little associated production 
with Z, and very little VBF via WW and ZZ. Generally, we find that cr(gg — >■ i] L ) ^> 
°~(.99 ~~ H). Obtaining the correct <rB(gg — >• r\ h — > 77) rate is then due to a fortuitous (but 
ubiquitous) cancellation among the terms in the 77 amplitude. (2) The branching ratios 
B(j] L — > ZZ*, WW* — > leptons) are extremely small. Therefore, according to our model's 
general framework, what has been observed by CMS and ATLAS must be background. (3) 
The branching ratios of f] L to r + r~ and bb may be sizable or not, depending on the unknown 
couplings in the underlying ETC model. In Sec. 6 we summarize the consequences of t] t -tt^ 
mixing on the low-scale pT phenomenology at the LHC. These are dramatic if the mixing is 
as large as we find in Sec. 3, generally making it more difficult to detect the signatures we 
discussed in Ref. [34] . 

2. A Two-Scale Model for the rj T 

The technipion rj T is a pseudo-Goldstone boson that must occur in LSTC models [12]. It 
was referred to as in previous papers, e.g., Ref. [T5] . which also contains a more complete 
description of LSTC. Since r\ T decays to two photons, it has CP = — 1 and, so, it has no 
renormalizable couplings to a pair of SM gauge bosons. Its main production mechanism, 
therefore, must be via gluon (gg) fusion. This requires that rj T be composed, at least in 
part, of technifermions carrying ordinary SU(3)c colorj^] In LSTC, we usually assume that 
the lightest (lowest-scale) technifermions are Si7(3)c-singlets, and we make that assump- 
tion here. Thus, for an rj T gg interaction to occur, the higher-scale technifermions must be 

4 The top quark cannot couple strongly to r\ T nor any other ttt because, in ETC models with fermion- 
bilinear anomalous dimension 7 m < 1 |35j . rrit must arise from some other strong interaction, such as 
topcolor [55] . 
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colored]^] To describe this, we adopt the following two-scale model: 



Scale 1: T x = ( ^ I = I U 1R = (□, 1, l) Qut 



D 1 



Scale 2: T 2 = ( ^ 2 J = I U 2R = (g □, l) gira (1) 

under (SU(N TC ), SU(3) C , SU(2)) U{1) . 

We emphasize that this model's purpose is to illustrate our LSTC proposal to account for 
the X(125) data. Different TC representations and/or input parameters (Ntc, etc.) could 
give quantitatively different results, and more data may require a refinement of the model. 
Nevertheless, we believe the model's general features — the interactions r] T has with ordinary 
matter and the typical strength of these interactions — will survive as long as the idea of an 
LSTC impostor of X(125) does. 

When the technifermions T\ and T 2 condense, there are a number of Goldstone bosons (all 
but three of which must get mass from ETC interactions [38]) including two color-singlets 
with I G J PC = + CT + we call r/i and r/ 2 . These couple to the U(l) axial vector currents 
Ji,5/i = \Til^Ti as 

Wi,5h\Vi(p)} =iFiP», Wzfinlmip)) = iVSF&n, (2) 

where Fi and F 2 are the basic (canonically normalized) ttt decay constants of scales 1 and 2. 
They are related to the weak decay constant F v = v = 246 GeV and the LSTC mixing angle 
parameter sin x [33 EES] by 




(□,1,2 



(ga2)y 2 



F? + 3F|, F 1 = F n sin X , VSF 2 = F w cos X ■ (3) 

A recent search by CMS for p T — » WZ — > 3£u put a 95% upper limit of about 20 fb on its 
cross section at M PT = 275-290 GeV and M^ T > 140 GeV [37]. This requires sinx ^ 0.30 for 
the LSTC model with these masses |34j . While this bound is relevant for the case of little 
or no i] t -7Tt mixing, sizable mixing weakens it; see Sec. 6. 

The U(l) currents have divergences with TC-gluon anomalous terms and other explicit 
breaking: 

d»j ii5(t = -^NiGT^G^ + i{Q h5 , H ETC } + • • • , (4) 

l07T z 

where Q^s = J d 3 x ji^o, %etc is a 4-technifermion interaction involving Ti and T 2 , and the 
ellipses are SU (3)c <8> SU (2) ® U (1) anomalous divergences that will be specified in Sec. 4. In 



5 An alternative in which the lightest-scale technifermions are colored might be interesting, but we shall 
not consider it here. As Eq. ^ indicates, this tends to imply a larger value of the LSTC parameter sin% in 
Eq. (p| and that is disfavored experimentally [37l [34] . 
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9 % = ~jB^ + NJGt^F + ■■■■ ( 6 ) 



Eq.Q the numerical factors are iV, = 2T(R TC! i)d(Rc,i), where the factor 2 is for isodoublet 
technifermions, T(Rtc) is the trace of a square of generators for TC-representation R (= | 
for fundamentals of SUN)) and d(Rc) is the dimension of the SU(3)c representation. In 
the model of Eq. Q, 

= 2 • | • 1 = 1, , N 2 = 2 • |(iV TC7 - 2) • 3 = 3(iV TC - 2) . (5) 

The current j'L = ji.s^ + .72,5^ is conserved by ETC interactions (see Sec. 3) but not by the 
TC anomaly: 

167T 5 

It couples to a linear combination rf T of rji and r] 2 which gets its mass mainly from TC 
instantons and is heavy. The orthogonal linear combination is the rj T and its mass arises 
from Hetc- It couples to the TC-anomaly-free current 

hn = N 2 jt,5n - N 1 j 2 ^ (7) 
= i[N 2 Q x , b - NxQ^-Hetc] + ■ ■ ■ = i{N x + N 2 )[Q 1>5 ,Hetc] + • • ■ • (8) 

Let us write 

Wt) = sinr] + \r] 2 ) cost] 

\Vt) = \Vi) cost] — 1 7/ 2 ) sin 77 . (9) 

The mixing angle rj is determined by noting that, if (Q\j 5lJi \r) T ) 7^ in the limit Hetc — ► 0, 
then M v i = since the current is TC-anomaly free. This yields 

sin 77 = ^ lF \ cosr] = w here F VT = Jn*F? + 3iV^Ff . (10) 

Noting that 



F VT = JN* sin 2 X + Nf cos 2 X F v , (11) 



we have 



^cosx N 2 wn\ /1oA 

siii?) = — , cos rj = (12) 

a/ iVf sin 2 x + Nl cos 2 x V N i sin x + Nf cos 2 x 

For Ntc — 4 and sinx = 0.3, we have Ni = 1, N 2 = 6, sin 7/ = 0.468, cosr; = 0.884, and 
F r]T = 501 GeV is the normalized decay constant of the r) T . 



3. ?7 T -7r^ Mixing 

The state r/ T discussed in Sec. 2 generally is not a mass eigenstate. In the model we have 
presented and in similar ones, the ETC interactions that give it mass also mix it with 
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the neutral isovector technipion 7r^ discussed in Refs. EH]. This effects not only r\ T 
phenomenology but, as we discuss in Sec. 6, the LSTC description of the CDF dijet excess 
observed near Mjj = 150 GeV in Wjj production [301 HO]- The ETC interactions of T\ and 
T 2 must be SU(Ntc) ® SU(3)c ® SU(2) ® Z7 (1) invariant. For our model they have the 
following form at energies far below the masses Mi 2,3 of ETC gauge bosons: 

Uetc = y^T 1L 'yi>T 1L f 1B j li {a 1 + b 1 T3)T 1R 

+ j^f (f 1L YT 2L f 2R ^(a 2 + b 2 r 3 )T m + h.c.) 

+ j^ff 2L YT 2L f 2Rl ^a 3 + b 2 T 3 )T 2R . (13) 

The SU(Ntc) 8> SU(3)c indices of these interactions are suppressed, but the structure of 
the middle term, e.g., is 

f^ T W\ *fN^( fla + h2Tz )Tl R , (14) 

where a, (3, 7 = 1, 2, . . . , iV-rc are SU(N TC ) indices with [a(3] = —[(3a\ and A; = 1,2,3 is an 
SU(3)c index. The SU(2) R violation in the 6-terms is necessary to split up from down- 
fermions. We expect a^, \bi\ = 0(1) with a; > while hi may have either sign. 

The masses and mixing of the technipions ir^ , and t] t come entirely from the T\T 2 T 2 T\ 
terms, and they are determined as follows: In the absence of r) T -7r^ mixing, the mass eigen- 
states |7Tj.) (a = 1,2,3) are the linear combination 

|t4) = cosxK) - sinxK), (15) 

where |vr" 2 ) are the scale-1,2 technipions. The mixing angle x was defined in Eq. (l3j), 
with sinx > 0. The orthogonal combinations are the three Goldstone components of the 
electroweak bosons, \Wf). The state \kj) does not couple to the conserved electroweak axial 
current j%f w = + j^ Sft + • • • , where j? 5/x = §7*7^75^; if it did, M^ T = 0. The vr£ 
current we will use for calculating M TT is 

= JiV cot X ~ fifr tan X ■ (16) 



This current couples to tit in Eq. (15) with strength F n , 

(nftl4(p)} = ^. (it) 

but not to the orthogonal combination, the erstwhile Goldstone bosons that are the longitudinally- 
polarized W ± and Z. Then, with Q£ = f d 3 x j§ for a = 1, 2, 3, and using isospin and parity 
invariance of the vacuum state \Q), we obtain |JT] 

kmi t = emQUQiuETcm) 

r " 2<Jl1 ' -p\ [f 1L Yr a T 2L f 2Rlfl r a T 1R + f 1L ^T 2L f 2R ^T 1R + h.c] 



2M| sin x cos 2 % 



L 2 

M f a f ETC 2 ("I [W^lW^] |«> , (18) 
M| sin x cos x 
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Similarly, with Q 5 = N 2 Qi 5 — NiQ 2 $, we get 



F 2 M 2 = [(Nx + N 2 ) sin X cos xKM^] 2 (19) 



F^ t MI tA = (b 2 /a 2 )(N 1 + N 2 )sm X cos X F 2 M 2 T . (20) 

(21) 



Then, using Eq. (11) for F VT , 

' M v T \ 2 {{N 1 +N 2 ) sin x cos xf 



M.J + (iVf - iV?) sin 2 X 



M VT J a 2 \M nT 

+ 



0.967(0.998), (22) 

(23) 



Here, M 1XT is the mass of the charged ii T , which is unaffected by the | A/| = 1 isospin breaking 



in Hetc- The numerical values in Eq. (22) are for sinx = 0.30 and Ntc — 4 (6). They will 
be close to one when (N 2 sin%) 2 ^> Nf and sin 2 x 1, as it is here. 

Thus, in two-scale models like the one presented here, we have the surprising result 
that the mass eigenstates are nearly 50-50 admixtures of the neutral isoscalar and isovector 
technipions, 



k> = VHM-sgn(6 2 )4)), 

K) = Jl {\vt) + sgn(b 2 ) n° T )) , (24) 



with masses 

M Vl M nT ^l-\b 2 \/a 2 , M Vr = M VT ^Jl + \b 2 \/a 2 . (25) 

How do we determine the mass of r] H 7 One way is this: In recent work j33j|3l] we ascribed 
the CDF dijet mass excess near 150 GeV jSHl SO] to the production and decay of the lightest 
isovector technipions, produced in the LSTC process pT —> Wtt t — » ivjj. In the present 
framework, we assume that what CDF saw was p% -> W ± n^, with M n ± = 150-160 GeV. 
The ttj. is now part of the mixed-state r\ L , our Higgs impostor, observed by ATLAS and CMS 
with mass 125 GeV. Then, from Eq. (25), M Vh = 170-190 GeV. In Sec. 6, we will see how 



this interpretation alters LSTC phenomenology at the LHCjjThis rather precise prediction 
for Mr! H is satisfying, but it does rely on our description of the CDF excess. If we gave up 
that description, we would still expect that the r\ H — a pseudo-Goldstone boson composed 
mainly of lighter scale technifermions — would not be very much heavier than rj L . This is 



clear from Eqs. (25). The converse expectation is also true: If X(125) is to be interpreted 
as an rj T of low-scale technicolor, then there must be other technihadron states nearby, and 
they should be accessible in hadron collider experiments. 



6 We now estimate the Tevatron rate for W ir^ production is about 2.4 pb, essentially unchanged from 
our prediction in Ref . [33] . This estimate is very rough because the Pythia code does not properly describe 
the model with J] t -tt^ mixing |42) . 
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4. r\ T and ttj, Interactions 

The couplings between the CP-odd r] T and a pair of SM gauge bosons or SM fermion- 
antifermion pairs (//) are given by 

= SM gauge boson anomaly terms + i[Q5,1-Letc] ■ (26) 

A similar expression holds for 7r^ with F nT = F n . 

The anomaly terms are contained in the gauged WZW interaction calculated in Refs [3TJ 
[32] • For interactions involving chiral gauge groups, the simplest way to calculate them is to 
expand the WZW term to linear order in the technipion fields. We can use the formalism of 
Refs. [311 E2] by introducing a nonlinear-sigma formulation of our setup, specifically, 

Si = exp &r) ' Sa = exp (^) ' (27) 

with covariant derivative 

= - iAJli + iT.iAn , 

A R = (r 3 + Y t r ) . (28) 

Here, 7Tj = |(7rfr a + rjiTo), where r = 1 2 , and Fi,F 2 are the scale-1,2 technipion decay 
constants defined earlier. Applying this setup to Eq. (69) of Ref. [43J, each techni-sector 
contributes a WZW term weighted by a coefficient that depends on the number of degrees 
of freedom in that sector. The total WZW interaction is then Cwzw,tot = £>wzw,i + £wzw,2, 
For t]t, tit interactions involving vectorial gauge groups, such as t/t —> 77 or rjT — > gg, 
the WZW result has the familiar form, 

= - JI2 Tr fa O) G%G M ^ , (29) 

where tf a is the a-th generator of technifermion doublet Tj in gauge group A. The corre- 
sponding expression for c^j'L has the trace Tr(r 3 {^ a ,^})- 

Since only the isoscalar r\ 2 couples strongly to SU(3)c gluons through a loop of the 
color-triplet T 2 -fermions (see footnote 3), we have 

C Vt99 = V2£ VLtH99 = [N^TciNrc - 1)] ^G^G^ . (30) 

Because of the large numerator, this operator typically will be substantially stronger that 
the standard H coupling to two gluons. 
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The nonzero WZW couplings of rj T and 7T T to a pair of 577(2) <8> U(l) bosons are 



C 



g' 2 N 



TC 



BB 



96n 2 F, 



VT 



N 2 (l + UY*) - §Aq(/V TC - 1)(1 + 12Y 2 



£-ri T WW 



g 2 N 



TC 



C 



r) T WB 



£>-k t BB 



96tt 2 F Vt 
gg'N TC 



Nz-IN^Ntc-I) 



■q T W* u W a ^ u 



g /2 N TC 



16ir 2 F w 

gg'N T c 

' IQtx 2 F w 



N 2 - IN^Ntc - 1) 
F lC otx-|(iV TC ;-l)r 2 tanx 
Y, cot X -HNtc-1)Y 2 tan X 



7T T W^B^ . 



r) T B^B^, (31) 
(32) 
(33) 
(34) 
(35) 



From these we obtain 



e 2 N 



TC 



32n 2 F, 



'IT 



N 2 (l + 4Y?) - 3 MN TC - 1)(1 + 4K 2 



VrF^F^, (36) 



C 



ey/g^+g^N TO 



32tt 2 K 



VT 



N 2 (l - 2(1 +41 ] 2 )sin 2 fl 



}JVi(JV rc - 1)(1 - 2(1 + 4K 2 ) sin 2 e w ) 



(37) 



£f) T ZZ 



(g 2 + g' 2 )N : 



TC 



96vr 2 F, 



'IT 



No 



1 — 3 sin 9 W + 3(1 + 4Y?) sin 4 0- 



w 



}JVi(JV rc -l) 



1 - 3 sin 2 ^ + 3(1 + 4K, 2 ) sin 4 



g 2 N 



TC 



48tt 2 77, 



'/T 



T^-fAq^-l) 



r 



e 2 N> 



TC 



8ir 2 F w 



Yx cot X - UN tc - 1)Y 2 tan x 



7i° T F^F^ 



V T Z^Z^, (38) 
(39) 
(40) 



ey/^+F (1-4 sin 2 6 W )N TC 
16vr 2 F w 

Fx cot x- UNtc- 1)^2 tan x 



x 



7r2, F 7,^ v 



(41) 



£-n%ZZ 



(g 2 + g' 2 ) sin 2 W (1 - 2 sin 2 fl w )iV r c 
16vr 2 F^ 

Fi cot x - 1 (iV rc - 1) Y 2 tan * 



x 



(42) 



Recall that iVj = 1 and N 2 = 3{N TC - 2) for the model in Eq. Q and note that 1 + AY 2 = 
2(Qjji + Q 2 Di), twice the sum of the squares of technifermion TVs electric charges. Notice 
also the potential for cancellations between the 7\ and T 2 terms in these expressions that 
we mentioned above. This will have an especially striking effect on crB(gg — > r] T — > 77). A 
similar cancellation occurs between the i] T — » 77 and n T — > 77 amplitudes. 
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It is clear from these interactions that the rates for rj^u ~~ >" ZZ* — > 4£ and t/l h 
WW* — > Ivlv are very much less than i]l^h 77- The question of whether the ZZ* and, 
to a lesser extent, the WW* reported by ATLAS and CMS are real or poorly understood 
backgrounds should be resolved by the data expected this year. We will comment on r\ L — > Z7 



rate in Sec. 5. Finally, with the complete mixing of Eq. (24), the coupling of tjl,h to two 
electroweak bosons V\ and V 2 is given by 

£vl,hViV 2 = \f\ (A, T ViV2 =F Sgn(6 2 ) 4r° ViV 2 ) • ( 43 ) 



Consider the rjL^ff couplings now. From Eq. (26), they are determined by the ETC 
interactions coupling quarks and leptons to technifermions. These are the same interactions 
responsible for the SM fermions' masses (except for most of m t ) and it is therefore tempting 
to assume that the couplings to ff are simply of order rrif/F^. This is naive, however. As 
discussed in Ref. [I2l HI] , a generic scenario for the fermions' ETC couplings in a two-scale 
model is that SM fermions / connect to 7\ and 7\ to T 2 . In walking technicolor, the one- loop 
f-T\-f graphs and the two-loop f-T 1 -T 2 -T 1 -f graphs can be comparable. Thus, it is not 
at all obvious that the sum of these two contributions to the r\ T and 7r^ couplings to // have 
a simple proportionality to m/. Therefore, we write 

p ■ \ J m f J n 

C V T ff = Vrflsf, 

f VT 

A4/7 = *£%^4/75/, (44) 

" IT 



f 



where the factors Q for r] T and ir^ will have to be fixed by experiment^] 

5. rjL^H Phenomenology 

We begin with a comparison of the rates of gg fusion of til,h and the SM Higgs. The coupling 
of H to two gluons is given to sufficient accuracy by 



Then, using C n gg from Eq. (30), and assuming the complete mixing of Eq. (24) and M, 
M H , we have 



L VL,H 



a(gg^r] L>H ) (ZNiN T c(N T c ~ l)v\ 2 9.8 



a(gg^H) \ 4V / 2F„ T J l + 35sin 2 x 



(46) 



The second equality is for Ntc — 4, N\ — 1 and iV 2 = 6. If we use the limit sin% < 0.3 
obtained for LSTC with M PT ^ 300 GeV (371 151] . this ratio is ^ 2.5. This production rate 
will be compensated by a small B(rj L — » 77). 



7 Actually, there is no reason that these Yukawa interactions should be parity-conserving but, for our 
purpose here, this assumption is sufficient. 
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Figure 5: Left: The decay branching ratios as a function of Y 2 for a 125 GeV r] T — » gg (teal), 
bb (red), r + r _ (blue), cc (orange), 77 (green) and Z7 for a real photon and on-shell Z 
(purple). The WW* and ZZ* rates are negligible. See the text for how // couplings are set. 
Right: The ratio R H = aB(gg ->■ rj L ->■ ^)/aB(gg ->■ if -> 77) for M % = M H = 125 GeV, 
as a function of sinx and y 2 - -Rff < 1 (yellow), 1.0 < < 2.0 (ochre), 2.0 < < 4.0 
(teal). Overlaid on this plot are contours uB(gg — > r\ T — > Zj)/crB(gg H ^ Z7). 

In the rest of this section we present results assuming both zero r] T -ir^ mixing and com- 
plete mixing. They consist mainly of the t\l,h decay branching ratios, the ratio aB(gg — > 
V L ~~ >" 77) / l(J B(gg — » H — > 77) for Mh = M v = 125 GeV, and crB(gg — > r\ H — > 77) versus 
the 7/^-rate. The last assumes M Vh = 180 GeV, a value corresponding to complete r] T -7i^, 
mixing at M T ± = 155 GeV. We assume throughout that the T\ hypercharge Y\ = 0, which is 
strongly suggested by the absence of a signal for io T — > £ + £~ at the rate expected in LSTC for 
M UT ~ 300 GeV The value sinx = 0.3 is used to determine F VT and the 7T^ couplings 
in the branching-ratio plots; it is varied for calculating the branching ratios in the oB plots. 
We assume ( T and (b factors that give the same oB as the SM Higgs0 

The r] T branching ratios and 77 rates are shown in Fig. [5] for the case of no mixing 
with 7r^. For Y\ = 0, these are even functions of Y 2 . As anticipated, the zero in the 
77 rate at Y 2 = 0.29 is due to a cancellation between the 7\ and T 2 contributions. For 
sinx < 0.3, there are narrow bands (AY 2 ~ 0.07) centered on Y 2 = ±0.29 where the 
r] T — > 77 rate is up to four times as large as the SM Higgs rate. We expect that any 

In more detail: For a specific ?7 T -7r^ mixing, we calculate (/ with Y\ = Y2 = 0. (There is only weak 
dependence on Y 2 .) Solving <tB(t] l — > ff)/(aB(H —> //) = 1 for £ T and Cfej an d taking all C/ equal the 
larger of the two, gives as a function of sin^ for each r7 T -7r^ mixing. The results presented here for gauge 
boson pair-production rates (mostly diphoton) are insensitive to Q so long as B(rj L — > //) ^ B(H — > //). 
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Figure 6: Left: The decay branching ratios as a function of Y 2 for a 125 GeV rj L — > gg for 
the case of complete rj T -7ij, mixing with sgn(6 2 ) > 0. Right: The ratio Rr = crB(gg — > r] L — > 
77)/ 'aB(gg — > H — > 77) for Mh = M v = 125 GeV, as a function of sinx and Y 2 . Overlaid 
on this plot are contours crB(gg — > r\ L — \ Zj) / 'oB[gg — \ H — > Zj). The color codes are as 
in Fig. [5j 

additional jets associated with this gg-production would be color-connected with the primary 
production and not exhibit a rapidity gap. Overlaid on this plot are contours giving the 
ratio <rB(gg — > rj T — > Zj)/ 'crB(gg — > H — )• Z7). The ratio is 2-10 for sinx < 0.3. We have 
estimated the rate for r\ T — > Z7* — > A£ and found that, for a luminosity of 10fb _1 , at most 
half an event would have been produced. After efficiencies, essentially none of the events in 
Fig. [2] could be due to this r\ T decay. 

The 7] L branching ratios and 77 production rate compared to the SM Higgs are shown 
for the complete-mixing cases and Y\ = in Fig. [6]for sgn(6 2 ) > and Fig. [7]for sgn(6 2 ) < 0. 
These two cases go into each other by reversing the signs of Y\ and Y 2 . For Y\ — and 
sinx = 0.3, the zero in B(rj L — > 77) for Y 2 > occurs for the two cases at 0.75 and 0.11, 
respectively. The allowed ranges of of aB(i] L — > 77) occur in bands of thickness AY 2 o± 0.2 
and, for the two mixing cases, they are mirror reflections of each other about Y 2 = for 
Y\ = 0. In these allowed regions, B(rj L — > 77) is 4-10 times smaller than the SM Higgs 
branching ratio. As in the unmixed case, the r] L — > Z7 rate is 2-10 times the SM Higgs rate, 
much too small to account for the data in Fig. |2j 
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Figure 7: Left: The decay branching ratios as a function of Y 2 for a 125 GeV rj L — > gg for 
the case of complete rj T -7ij, mixing with sgn(6 2 ) < 0. Right: The ratio Rr = crB(gg — > r] L — > 
77)/ 'aB(gg — > H — > 77) for Mh = M v = 125 GeV, as a function of sinx and Y%. Overlaid 
on this plot are contours crB(gg — > r\ L — \ Zj) / 'oB[gg — \ H — > Zj). The color codes are as 
in Fig. [5j 

Finally, in Fig. [8] we overlay the aB(gg — > r) L — > 77) /aB(gg — > H — > 77) ratios with 
contours of aB(gg — > r) H — > 77) given in picobarns. Based on a CMS search for diphoton 
resonances in 2.2 ftT 1 of 7-TeV data [IS], we estimate that oB{gg — >■ rj H — > 77) ^ 0.25 pb is 
allowed. This is consistent with both branches of the green-shaded region of this figure for 
II2I < 0.4. 

6. rj T -7Tj, Mixing and LSTC Collider Phenomenology 

The discussion in this section is based on our interpretation of CDF's dijet excess as the 
production of a 280-290 GeV pt which decays to a 150-160 GeV ttt plus a W-boson [301 
PfOl 1331 l3l"]|^] The tit decays 90-95% of the time to qq jets (which may or may not contain 
6-jets, hence the spread we assume in M^ T and M PT ). With large fj T -7T^ mixing, however, 
the — >• Wii^ component of 150 GeV dijet signal is absent. This loss is replaced, to some 
extent, by p T — > Wr\ L — >■ E^vjj with Mjj ~ 125 GeV, with about half the dijets now being 
gg jets. Detailed calculation of this new phenomenology requires either a complete rewrite 
of the Pythia code for LSTC or a new implementation in another amplitude generator, and 

9 In Ref. [33] we found that ~ 25% of the Tevatron signal was due to — > Wttt, with M aT = 1.1M PT 
assumed. 
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Figure 8: The green-shaded regions are Rh = crB(gg — > r] L — > jj)/aB(gg — > H — > 77) < 4 
for Mh = M v = 125 GeV and sgn(6 2 ) > 0, as a function of sin% and Y 2 . Overlaid on these 
plots are contours o~B{gg — > r\ H — > 77), in picobarns, for M v = 180GeV. 



this is beyond the scope of our paper. Here we will be satisfied with a list of the important 
changes we anticipate. 

1) The rate for Pt,cl t —> Wn T is reduced. Simply (and naively) eliminating the WtTj, 
mode results in about a 35% reduction of the dijet excess signal [33J. 

2) There will be a pr, ar — > Wr) L —> iujj signal at Mjj ~ 125 GeV, largely due to its 
Wn^ component. The dijet peak may overlap somewhat with the — > W ± 7i^, dijet 
excess. While pt, clt Wr] L is suppressed by the mixing, it is enhanced by the greater 
phase space and, so, may not be much smaller that the W 7r J rate. Note that this 
will appear as associated production of r\ L with W, but the Wjj invariant mass will 
peak near M PT . There is no significant associated production of 7] L with Z. 

3) The channel p% — > ^%r\ L is open and the 7r^ component of this amplitude is a strong 
process, unsuppressed by sin^. Even though the Q- value for this decay is only ~ 
5 GeV, this mode could be an important part of the p^ width and its production rate 
might be as large ~ 500 fb at the LHC. We do not know of any limit on this four-jet 
process, especially since the two dijets have rather different masses. 

4) A primary confirmation signal at the LHC for the CDF dijet excess is p^, — > Zn^ — > 
£ + £~jj. In Ref. [S], we predicted a rate of 190 fb for this final state (220 fb for Y x = 
and sinx = 0.3). This rate is likely diluted by the open vr^r/ L channel; a rough estimate 
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is a 50-60% reduction. This is an unfortunate hit to an otherwise very promising 
channel for this year's data. 

5) A similar reduction in the rate for — > WZ — > 3£u or £ + £~jj is to be expected. This 
eliminates the bound sin% < 0.3 implied by the recent CMS data [37]. On the other 
hand, the idea of low-scale TC does not make much sense if sin% ^ \. 

6) Last, though not least, we again urge a search for r] H — > 77 near 180 GeV. Over most 
of the allowed regions in Fig. |8j aB{r] H — > 77) ^ 0.25 pb at the LHC. The upper end 
of this range should be accessible soon — if not already excluded. 

7. Conclusions 

The "Higgs impostor" proposal made in this paper is motivated both by our desire for a 
technicolor explanation for the new boson X(125) and by the discrepancies in the current 
data with a standard-model Higgs explanation. To us, the most important discrepancy is 
the CMS ZZ* data — the low number of real Z's — and its disagreement with the ATLAS 
ZZ* data. This may just be statistics at work and be resolved in favor of the popular Higgs 
description when the next large batch of data is released. But, as we said at the outset, the 
SM Higgs outcome would confront theorists anew with the long-standing thorny questions 
of naturalness, hierarchy and flavor. If, on the other hand, the discrepancies in the data are 
real, then we may, at long last, have begun to unravel the mystery of electroweak symmetry 
breaking. That is a lot to hope for. 

In this paper we proposed an alternative to the SM Higgs interpretation: X(125) is 
a technipion, rj L . Our proposal has several immediately testable consequences in addition 
to discrediting the X — > ZZ*,WW* data. Chief among these is that there is likely to be 
another Higgs impostor state r\ H not far from 200 GeV, which may be visible in the diphoton 
spectrum. If the CDF dijet excess is real, and our LSTC interpretation of it correct, then 
Mf) = 170-190 GeV. Furthermore, the Mjj spectrum in the range 170-200 GeV range is 
contaminated by a sizable pt — > Wr] L component that will complicate modeling in terms of 
standard diboson production [37] . 
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